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Introduction
In 1984, the first child was born after frozen embryo transfer (FET). 1 During recent years, the proportion of FET cycles has increased rapidly because of improvements in cryopreservation techniques, i.e. vitrification and blastocyst culture. 2 In 2014, more than one in four children in Europe conceived by assisted reproductive technology (ART) treatment was conceived after FET. 2 In Denmark in 2017, 44.9% of all ART children were born after FET. 3 Using embryo cryopreservation in ART programs enhances single embryo transfer and facilitates storage of surplus embryos for subsequent FET cycles. This reduces the number of multiple gestations and the risk of ovarian hyperstimulation syndrome (OHSS) without compromising the cumulative pregnancy and live birth rates. 4, 5 A higher risk of poor perinatal outcomes in children conceived by ART has led to several studies investigating the children's cognitive development. [6] [7] [8] [9] [10] [11] In spontaneously conceived children, low birth weight (LBW; <2500 g) and preterm birth (PTB; <37 weeks) may affect cognitive function negatively. [12] [13] [14] However, studies on cognitive development in ART children are inconsistent: while some studies observe an increased risk of impaired cognitive development and risk of mental disorders such as attention-deficit/ hyperactivity disorder (ADHD), [6] [7] [8] other studies do not find any differences. 9, 11 Children conceived by FET have an altered perinatal risk profile compared with children conceived after fresh embryo transfer (ET), with a higher risk of being born large for gestational age (LGA) and a higher risk of macrosomia (birth weight ≥4500 g). [15] [16] [17] Being born LGA increases the risk of mechanical obstetric complications, perinatal asphyxia, and mortality. 18, 19 Asphyxia is known to increase the risk of cognitive impairment, and low Apgar score is associated with poor academic performance. 20, 21 Further, one study has shown that the risk of preeclampsia is higher in pregnancies conceived after FET. 16 Studies have demonstrated that embryo freezing has the potential to cause epigenetic modifications that may lead to altered intrauterine growth. 22, 23 In this study, we explored if adolescents conceived after FET achieve school performance comparable to adolescents conceived after fresh ET.
Methods

Study population
Register-based cohort study including all ART singletons born in Denmark from January 1 1995 to December 31 2001. The children were followed until 2017 to ensure that adolescents were aged at least 15-16 years and thereby most had finished the 9th-grade exam. The population originates from the national Danish IVF registry of ART children. The total population consisted of 6495 adolescents conceived after ART [FET (n) = 423; fresh ET (n) = 6072]. We excluded all twins (n = 4299) and children conceived after oocyte donation (n = 88).
Furthermore, we excluded 63 children that died between birth and time of follow-up (one child conceived after FET and 62 children conceived after fresh ET).
This cohort is an extended population of a cohort used in a previous study by our group exploring academic performance in children born after fresh ET versus spontaneous conception (SC). 24 In the present study, we extended the study period by 3 years (1999-2001 ) to obtain sufficient statistical power in the analyses of children conceived after FET. All FET children were conceived after embryo preservation using slow freezing techniques as vitrification was not used in Denmark during the period included in the study.
There was no patient or public involvement in the study. A core outcome set (COS) has not been use in this study as long-term outcomes in ART adolescents have not been assigned a COS.
Outcomes and covariates
Academic performance and the Danish education system
In this study, academic performance was measured as mean test scores obtained when students were finishing 9th-grade or lower secondary school aged 15-16 years. The schoolleaving exam takes place after 10 years of compulsory education and contains an assessment of the student's performance in mandatory subjects including Danish (oral, written), mathematics (written), English (oral), and physics/chemistry (oral). In Denmark, the education system covers 1 year of preschool starting at the age of 6, followed by a total of 9 years of primary and lower secondary school. Both public and private schools are bound by the same statutory requirements concerning educational achievements. A general assessment score based on the academic level throughout the year supplements each exam test score on the diploma. 25, 26 Academic performance is marked on a 7-point grading scale (from À3 to 12) that is directly comparable to the European Credit Transfer and Accumulation System (ECTS) grading scale. An average score of 7 for good performance corresponds to an average score of C on the ECTS scale. 27 We used an overall mean test score based on all the exam test scores and the general assessment scores for each subject.
In Denmark, access to high schools is dependent on an evaluation given at the end of the 9th-grade. Each student's academic performance and general suitability for further education is evaluated; hence, both exam, and general assessment scores are of great importance in determining the student's educational opportunities.
Statistical analysis
Descriptive comparisons of adolescents conceived after FET compared with fresh ET were made using Student's t test and the Kruskal-Wallis test for normally and non-normally distributed continuous data. The chi-square test was used for comparisons of categorical data.
Mean test scores were compared in univariate analysis (Model 1) and multivariate linear models (Model 2). Covariates included in the Model 2 were as follows: maternal age (continuous variable); parity (1 or >1); parents cohabiting at time of adolescent's graduation (yes/no); Danish ethnicity (yes/no); highest educational (low, middle, high, highest) and highest occupational level of the parents at the time of their child's graduation (recipient of transfer income; other employee; employed, medium and lowest educational level; employed, highest educational level; selfemployed and chief executive); area of residence (five Danish regions); child sex (male/female), and graduation year (2010, 2011, 2012, 2013, 2014, 2015, 2016, or 2017) .
Adolescents born after ART were stratified by conception method (IVF or ICSI) to account for the different distribution of IVF and ICSI cycles between adolescents conceived after FET and fresh ET. Crude and adjusted analyses were made as described above.
To investigate scholastic performance in FET adolescents born LGA, two different stratified analyses were made. Firstly, we compared academic performance in adolescents born LGA following FET versus fresh ET. Secondly, adolescents born LGA were compared with adolescents born non-LGA within both the FET and fresh ET cohorts. For both stratified comparisons, crude and adjusted analyses were made as previously described.
Relevant covariates were chosen a priori based on the existing literature on factors associated with child intelligence quotient (IQ). 28 Family income was not included as a covariate in the model owing to substantial co-linearity with parental education and occupation. Birth weight and gestational age were not included in the multivariate model since these factors are considered mediators on the causal pathway of the type of ART treatment and academic performance.
Risk of missing test score, failing the exam (test score <2), or achieving top grades (test score 10 or >10) were investigated in univariate and multivariate logistic regression analyses. The covariates included in the multivariate analyses were the same as those mentioned above except for 'graduation year'. Sensitivity analyses were made for adolescents born in 1995-2000 to ensure that results were not biased because of a higher proportion of missing test scores for adolescents born in 2001.
Linear mixed models and generalized estimating equations were used for continuous and categorical outcomes, respectively, in the model to treat the correlation in test scores of siblings with the same mother using the maternal identification number as random effects.
Residual diagnostics assessed the adequacy of the linear models. All analyses were performed with IBM SPSS Statistics 24. A P-value <0.05 was considered statistically significant.
Results
Overall, 6495 adolescents conceived after ART [FET (n) = 423; fresh ET (n) = 6072] were eligible for the study. 
Adolescent and parental background characteristics
Children conceived after FET and fresh ET had similar male/female ratio and similar risks of LBW, very LBW, PTB, and very PTB. The risk of being born LGA was significantly higher for FET children [OR 1.61 (95% CI 1.10; 2.35)]. Adolescents conceived after FET graduated school at a significantly higher mean age. Further, mean maternal age was higher, and adolescents were less likely to be first-born children in the FET group (Table 2; Table S1 ).
Overall, 83.1% of FET children were conceived after fertilisation with IVF and 16.9% after ICSI, while the distribution of IVF/ICSI fertilisation in children conceived after fresh ET was 74.8% IVF and 25.2% ICSI. The distribution of IVF/ICSI fertilisation differed significantly between FET and fresh ET (P <0.001).
Test scores after lower secondary school
The crude overall mean test score for adolescents conceived by FET was 7.29 (SD: 2.40) and for adolescents conceived by fresh ET 7.44 (SD: 2.33), with an insignificant mean difference of +0.11 (95% CI À0.11; 0.34; Sensitivity analyses on IVF and ICSI fertilisation separately showed no differences in mean test scores (overall, Danish, mathematics, English, or physics/chemistry) for adolescents born after FET-IVF versus fresh ET-IVF, or for FET-ICSI versus fresh ET-ICSI either in the crude or adjusted analyses (Table 4) .
Adolescents with low and high-test scores
The risks of failing exam (test score <2) in the FET versus fresh ET group were crude OR 0.33 (95% CI 0.08; 1.35) and adjusted OR 0.33 (95% CI 0.08; 1.39). Though risks did not show any significant differences, risks estimates were only one third in the FET group. 
Discussion
Main findings
In this national cohort study of singletons born after FET from 1995 to 2001, we found similar crude and adjusted mean test scores in academic performance after graduating lower secondary school when compared with singletons born after fresh ET.
Strengths and limitations
This study is the largest on academic performance in FET adolescents aged 15-16 years, with available test scores in adolescence for 93.6% of the study population.
The strengths of our study are the national controlled cohort design that includes a substantial cohort with 9th-grade test scores on more than ninety percent of the population. Additionally, tests and written exams are standardised and performed by all students finishing lower secondary school in Denmark. The study is based on national registries, thereby minimising missing data and the risk of selection bias. Mean child and maternal age varied significantly between the FET and the fresh ET cohort. However, the crude differences were so small that this possibly is of no clinical relevance.
In an earlier study, parental educational level was the most important explanatory factor for academic achievements of the children. 28 The same study also showed that maternal IQ was an important predictor of IQ levels of the children, but unfortunately, maternal IQ levels were not available in our study. A strong correlation between academic performance and IQ level was found in an earlier study. 29 Using school performance as a proxy for cognitive development and IQ level makes it possible to obtain data on large populations. One limitation of our study is that the Danish 7-point grading scale may lack the sensitivity to detect subtle but clinically relevant differences in cognitive development.
We found a significantly higher proportion of IVF versus ICSI fertilisations in the FET cohort (83.1%) compared with the fresh ET cohort (74.8%). Previous studies on the association of ICSI with IQ or academic performance are inconsistent. 7 However, in 2017, this research group published a large cohort study of 4766 ART adolescents born from 1995 to 1998 showing no difference in academic performance between IVF and ICSI adolescents. 24 In our sensitivity analyses, stratified on fertilisation method, FET-IVF, or FET-ICSI did not affect the mean differences in test scores.
Even though our cohort of 423 children conceived by FET is modest, measuring IQ on more than 400 children would have required significant resources; using national register data and school test scores as a proxy for cognitive development is a feasible solution.
As vitrification and blastocyst transfer were not introduced in Denmark until after 2001, all FET children in this study were conceived with embryos preserved using slow freezing techniques and cleavage-stage transfer. Long-term follow-up on academic performance after conception with these new techniques is therefore still needed. Overall: mean test scores including all mandatory subjects (Danish, Mathematics, English, Physics/chemistry). *Data were compared using linear mixed models to adjust for correlation within siblings. **Adjusted for the following covariates: maternal age, parity, cohabiting status, ethnicity, highest educational and occupational level of the parents, area of residence, child gender, and graduation year. Table 4 . Crude and adjusted mean differences in test scores at school graduation by mode of conception 
Interpretation
Large cohort studies and meta-analyses have found that singletons conceived after FET have a lower risk of LBW, PTB and SGA compared with singletons conceived after fresh ET, 15, 16, 30 but an increased risk of being born LGA. [15] [16] [17] Embryo cryopreservation has the potential to cause epigenetic modifications that may lead to the altered perinatal outcomes in children conceived by FET. 22 While most of the literature is based on animals including zebrafish, mice, and cows, 22 Shaw et al. 23 studied genes known to be critical for embryogenesis in frozen-thawed and fresh human embryos. Some genes, associated with, e.g. cell survival, genome activation, transcription and translation, were expressed significantly differently after embryo cryopreservation. 23 Recently, small studies and case series have focused on the possibility that epigenetic disruptions due to ART treatment may affect human cognitive development and neural function in mice. 31, 32 To our knowledge, no studies investigated whether embryo freezing can lead to changes in genes or epigenetic loci involved in cognitive development. A Danish cohort study from 2010 by Pinborg et al. 30 found no increased risk of neurological sequelae or imprinting diseases in 957 singletons conceived from 1995 to 2006 after FET. However, this may be due to the limited population size.
A systematic review from 2017 by Rumbold et al. 33 explored the impact of specific fertility treatments on cognitive development. They included only three studies of long-term neurodevelopmental outcomes of children born after FET; one study explored academic performance 34 and two reported the risk of cognitive impairment, 35, 36 one of which compared the results with those for children conceived spontaneously. 36 Mains et al. 34 explored academic performance in adolescents born after FET in the state of Iowa in a 10-year period from 1989 to 1998. After obtaining parental consent, school grades were collected in 2009 when the ART children were aged 8-17 years [FET (n) = 57]. The data show that cryopreservation did not affect the test scores, but no adjustments were made for parental background such as socio-economic factors. 28 Only 59% of the invited ART parents accepted participation; of these, school grades were available for 91% of the children, and the participation rate among FET and fresh ET children was not reported.
The two studies on cryopreserved embryos and cognitive impairment 35, 36 were a Swedish cohort study by Sandin et al. 35 that detected a significant risk of cognitive impairment in singletons conceived after FET-ICSI [RR +2.36 (95% CI 1.04; 5.36)] but not after FET-IVF when compared with children conceived after standard IVF fertilisation using fresh ET. All children in Sweden born from 1982 to 2007 were included in the cohort and followed until 2009, using diagnostic information according to the ICD-9 and ICD-10 criteria collected from a national Patient Register [FET children (n) = 4422]. 35 The authors adjusted for parental psychiatric history but not sociodemographic factors. 35 In the second study, Bay et al. 36 compared FET and SC adolescents in a large Danish cohort study looking at the long-term risk of mental, behavioural, and emotional disorders according to the ICD-10 criteria, using data collected from Danish health registries. Children were aged 8-17 years at the time of follow-up [FET (n) = 686], and cryopreservation did not seem to adversely affect the outcome after adjustments for both maternal psychiatric history and educational level. 33 The studies by Mains et al. and Bay et al. 34, 36 are in line with the results in our study. Sandin et al. 35 reach the opposite conclusion regarding FET-ICSI children.
A large Australian registry-based cohort study including SC children [SC (n) = 449 857] concludes that educational outcome measured as a standard assessment of all children in their first year of school was similar or slightly better for SC children born LGA when aged 7-9. 37 Meanwhile, our sensitivity analyses showed that LGA children had academic performance similar to the control group of non-LGA conceived using both FET and fresh ET.
Conclusion
As FET accounts for a still increasing proportion of ART cycles worldwide, knowledge of the long-term consequences for children born this way is of utmost importance. The findings of this study are reassuring in that academic performance in adolescents aged 15-16 years is equal in children born after frozen and fresh IVF or ICSI embryo transfer. Further, this result contributes to the discussion on elective freezing and argues in favour of the 'freeze-all'-strategy as we found no reason to believe that embryo cryopreservation causes cognitive impairment in the resulting children. By elective freezing and single embryo transfer, the risk of ovarian hyperstimulation syndrome and multiple pregnancies is markedly reduced, but obviously the health and safety for the offspring conceived after cryopreservation of embryos should be part of this debate.
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